We performed mineralogical and geochemical analyses of core samples from the Lenghuqi area in the northern marginal tectonic belt of the Qaidam Basin. The clay mineralogy of the Xiaganchaigou Formation sandstone is dominated by I + I/S + C types and characterized by high illite, a higher mixed-layer illite/smectite and chlorite, lesser smectite, and an absence of kaolinite. The clay minerals reflect that the Oligocene sedimentary basin formed in an arid-semi-arid climate with weak leaching and chemical weathering, and that diagenesis occurred in a K + -and Mg 2+ -rich alkaline environment. Measured major oxide concentrations show clear correlations. The lower Xiaganchaigou Formation is representative of a dry and cold freshwater sedimentary environment, whereas the upper Xiaganchaigou Formation is warmer and more humid. Trace element and rare earth element variations indicate that the paleoclimate conditions of the lower Xiaganchaigou Formation sedimentary period were relatively cold and dry, while the upper Xiaganchaigou Formation formed under warmer and more humid climate conditions. These findings reflect a global climate of a cold and dry period from the late Eocene to early Oligocene, and a short warming period in the late Oligocene.
Minerals 2019, 9, 678 2 of 17 observable indications [13] [14] [15] . The sedimentary-diagenetic environment and paleoclimate conditions of sedimentary rock formations can therefore be analyzed on the basis of major and trace elements in sedimentary rocks and changes in their ratios.
The increasing difficulty of shallow oil and gas extraction in China has led to a shift towards deep exploration and development [16, 17] . Primary pores in reservoirs with a depth >3000 m are nearly absent owing to strong compaction and cementation [18] , and deposits are dominated by secondary pores. However, recent studies [19] [20] [21] [22] have shown that primary pores in a clastic reservoir can be preserved under specific geological conditions at about 3500-4500 m and form a high-quality reservoir. The Lenghuqi area is located in the center of the northern margin of the Qaidam Basin. Previous studies have summarized the characteristics and controlling factors of deep reservoirs in detail [23, 24] and suggested that the sedimentary environment and deep ultra-high pressure layer are the main controlling factors of deep high-quality clastic reservoirs in the region. Carbonate cement also has a substantial impact on reservoir properties. However, few studies have addressed the paleoclimate conditions and diagenetic environments that existed during the formation of these reservoir rocks. The diagenesis process and diagenetic environment are critical factors required to clarify the evolution process of the reservoir rocks [25] . Further study on the sedimentary-diagenetic environment of the high-quality clastic reservoirs in the Xiaganchaigou Formation of the Oligocene can therefore provide a geological basis for the prediction of high-quality reservoir distribution laws.
Geological Setting
The Qaidam Basin located in northwest China is the largest continental basin in the northeastern Tibetan Plateau with a total area of 120,000 km 2 [26] . The basin has undergone compressional tectonic settings throughout the Cenozoic [26] and is bound by the Eastern Kunlun fault zone to the southwest, the South Qilian fault zone to the northeast, and the Altyn Tagh fault zone to the northwest [27] ( Figure 1 ). The basin developed an exceptionally thick Tertiary sedimentary succession, of which the average thickness is up to 6 km and the maximum thickness is >10 km [28] . The basin is divided into four first-order structural units: the Western Qaidam Basin Uplift, the Yilingping Sag, the Sanhu Sag, and the Northern Qaidam Basin Uplift [29] . The Northern Qaidam Basin Uplift lies in front of the South Qilian Mountains and the Lenghuqi area is located in the center of the uplift. The ancient lake basin of the Qaidam Basin underwent three evolution stages from Paleogene to Neogene: the lake basin first appeared in the Paleocene and early Eocene, the paleolake then continuously expanded from late Eocene to Oligocene, and reached its maximum extent in the Minerals 2019, 9, 678 3 of 17 subsidence stage of the Oligocene. The paleolake then gradually shrank during the Early Miocene to Pliocene [30, 31] . The Paleogene and Neogene strata can be divided into six units on the basis of previous stratigraphic results from the northern Qaidam Basin. These six stratigraphic units (in ascending order) are the Lulehe Formation (E 1+2 , Paleocene to early Eocene,~65-~45 Ma), Xiaganchaigou Formation (E 3 , middle to late Eocene,~45-~35. 5 [32] [33] [34] [35] . In recent years, abundant oil and gas reservoirs in Paleogene strata have been found in the central area of the northern Qaidam Basin, which indicates abundant oil and gas resources in this area [36, 37] .
Materials and Methods
The Xiaganchaigou Formation (E 3 ) in the Lenghuqi area is deeply buried with an average depth of >4000 m. Samples were collected from drill core of the Xx1 well ( Figure 1 ). The Xx1 well is located at 93 • 52 41"E, 38 • 7 34"N. It is 5500 m deep and its wellhead is 2829 m above sea level. One 5.64-m drill core was obtained between 4111.34 and 4117.09 m with a harvest rate of 98.1% (Figure 2a ), and another drill core of 8.72 m was obtained between 4847.00 and 4855.82 m with a harvest rate of 98.9% (Figure 2b) . The lithology and logging characteristics of the core section of the Xx1 well are shown in Figure 2 . Whole rock and clay mineral compositions are listed in Table 1 . X-ray diffraction (XRD) was performed following techniques outlined by the Qinghai Oilfield Exploration and Development Research Institute of PetroChina (SY/T5163-2010 X-ray Diffraction Analysis Method for Clay Minerals and Common Non-clay Minerals in Sedimentary Rocks). Twenty-five whole rock and clay mineral components were determined (Table 1) . We use the XRD results in combination with microscopic observations, scanning electron microscopy, and electron probe analysis of the rock flakes to identify the clay mineral development characteristics in the Xiaganchaigou Formation from the Oligocene mudstones and sandstones in the Lenghuqi area of the Qaidam Basin. Standard: SY/T 5163-1995. The reason that S + I/S + I +K +C + C/S = 101 or 99 is rounded numbers rather than data bias. The clay mineral with a mixed-layer ratio > 70% is smectite. S is smectite, I/S is mixed-layer illite/smectite, I is illite, K is kaolinite, and C is chlorite. The mixed layer ratio (e.g., 20%) indicates that the smectite content in the mixed layer illite/smectite is 20%.
Samples were observed microscopically prior to chemical analysis to monitor potential alteration, mineralization, or secondary weathering. All samples were ground with a non-contaminating crusher, screened in a 200-mesh sieve, and heated in an oven at 80 • C for 3 h to remove moisture. Major element measurements were performed using a fluorescence spectrometer 3080E3X (Rishi Electric Corporation, Japan). We used HF + HNO 3 to seal and dissolve samples during trace element analysis using laser coupled plasma mass spectrometry (ICP-MS). Analyses were completed in the Lanzhou Oil and Gas Resources Research Key Laboratory in the Institute of Geology and Geophysics at the Chinese Academy of Sciences.
Results

Clay Minerals
The test results show that illite is the most abundant mineral in all samples, followed by chlorite and the mixed layer illite/smectite. Smectite and kaolinite were not detected. The quartz content in the lower Xiaganchaigou Formation ranges from 42.6% to 68.6% with an average of 56.28%. The clay mineral content ranges from 4.1% to 16.6% with an average of 11.03%. The illite content in the clay minerals ranges from 53% to 84% with an average of 73.25%. The chlorite content ranges from 7% to 23% with an average of 16.25%. The mixed layer illite/smectite content ranges from 6.6% to 16.6% with an average of 8.92% and average smectite content in the mixed layer illite/smectite of 10.42%. In the Upper Xiaganchaigou Formation, the quartz content ranges from 42.8% to 70.2% with an average of 56.72%. The clay mineral content ranges from 9.9% to 22.4% with an average of 15.28%. The illite content in the clay minerals is substantially lower than that in the lower Xiaganchaigou Formation; ranging from 31% to 80% with an average of 54.77%. The mixed layer illite/smectite content ranges from 7% and 51% with an average of 24.54% with an average smectite content in the mixed layer illite/smectite of 9.46%. The chlorite content is also somewhat higher, ranging from 9% to 34% with an average of 20.69%.
The illite in the upper member sandstone of the Xiaganchaigou Formation is mostly filamentous or bridging between particles ( Figure 3a ). The mixed layer illite/smectite is more developed, usually on particle surfaces or filled between particles (Figure 3a-d) . The illite in the lower member sandstone of the Xiaganchaigou Formation is filled with curved leaves or scales between particles ( Figure 3e ). The mixed layer illite/smectite is less common, and flaky chlorite is visible on the particle surfaces ( Figure 3f ). The illite content in the lower member is substantially higher than that in the upper member and the mixed layer illite/smectite content also reduces downwards. This indicates that the clay minerals in the sandstone are mainly self-generated. Their combined characteristics reflect their formation conditions, including the climate and sedimentary and diagenetic environments. Kaolinite is mostly distributed in moist tropical or subtropical regions [4, 26] and mainly forms from feldspar leaching and weathering [27] , as well as weathering and low-temperature hydrothermal metasomatism [28] . In contrast to the kaolinite formation environment, chlorite can only be preserved in areas with weak chemical weathering [1] . Smectite is associated with a warm-humid-cold climate, pervasive within sediments in temperate and semi-humid regions [26] , and its contents tend to decrease with warmer temperatures [29] . Illite mainly forms in dry and cold climates [30, 31] and the combination of clay minerals dominated by illite reflects an arid-semi-arid climate [26] . The clay mineral combination of the Xiaganchaigou Formation sandstone in the Lenghuqi area is dominated by the I + I/S + C type, which displays distribution characteristics of high illite content, higher mixed layer illite/smectite and chlorite content, low smectite, and missing kaolinite. This suggests that the sedimentary basin in the Oligocene (i.e., the Xiaganchaigou Formation sedimentary period) was generally in an arid-semi-arid climate with weak leaching and chemical weathering.
Authigenic kaolinite mainly forms by feldspar leaching in an acidic medium followed by the direct formation of pore water during diagenesis [26, 32, 33] . Kaolinite is therefore an indicator mineral for weakly acidic environments with leaching and strong chemical weathering [28, 29] . Authigenic smectite usually forms in alkaline media that is depleted in K + but enriched in Na + and Ca 2+ [4, 34] . Illite mainly forms by the weathering of potassium feldspar, mica, and other aluminosilicate minerals in a hydrous K + -rich alkaline medium under weak leaching [4, 26, 35, 36] . Fe 2+ and Mg 2+ in smectite are replaced by Al 3+ and K + during dehydration [32] . Smectite may also form from the precipitation of pore water in an alkaline medium [37] . Chlorite forms by the precipitation of pore water rich in Mg 2+ in a relatively high-temperature and more strongly-alkaline environment [26] . Illite is more stable in a water environment with a high K + /H + ratio. The presence of the mixed layer illite/smectite reflects the gradual transition of smectite to illite in a K + -rich alkaline environment, and chlorite forms in a Mg 2+ -rich alkaline environment [26, 32] . The clay mineralogical characteristics of the Xiaganchaigou Formation sandstone in the Lenghuqi area reflect a diagenetic and primarily alkaline environment rich in K + and Mg 2+ .
Major Element Analysis
Environmental conditions influence the behavioral characteristics of elements and compounds, including decomposition, migration, and the enrichment of various elements with different properties. A change of sediment chemistry can reflect a change in environmental conditions during deposition. [9, 10] . The major oxide compositions measured from samples from the Lenghuqi area are listed in Table 2 . The results ( Figure 4) show a clear correlation between the oxides. The overall change of oxide content in the lower Xiaganchaigou Formation is small, and the oxide content in the upper member varies greatly. This indicates that climate change in the lower member was not substantial during the sedimentary period. On the other hand, paleoclimatic change in the upper member occurred relatively frequently during the sedimentary period, and the climate fluctuated considerably.
High CaCO 3 levels in a closed or semi-enclosed inland lake during the early stages of chemical deposition represent an arid climate, whereas low CaCO 3 levels represent a relatively humid climate [38] [39] [40] . Ca 2+ and Mg 2+ commonly exchange for one another but the large ionic radius of Ca 2+ enhances its migration. Thus, an environment enriched in Ca 2+ was likely drier than an environment enriched in Mg 2+ [10] . The average CaO and MgO contents from the upper Xiaganchaigou Formation samples are 3.23% and 1.26%, respectively, whereas those of the lower Xiaganchaigou Formation are 6.14% and 0.78%. Compared with the upper Xiaganchaigou Formation, the lower Xiaganchaigou Formation is characterized by high CaO and Na 2 O and low K 2 O, MgO, and TiO 2 ( Figure 5 ). This supports that the lower Xiaganchaigou Formation formed in a relatively dry climate with strong evaporation, while the upper member formed in a relatively warm and humid environment with less evaporation [41, 42] . The change of Ti content and other elements reflects the extent of the addition of terrigenous materials. Higher Ti values are associated with richer terrigenous material contents, indicating a warm and humid climate background [43, 44] . The paleoclimate characteristics of the sedimentary period of the Xiaganchaigou Formation therefore gradually became humid from early to late in the deposition sequence. 
Trace Element Analysis
The chemical distribution in a rock layer depends on the physical and chemical properties of the elements themselves, which are also substantially affected by paleoclimate and paleoenvironment. The distribution of trace elements and ratio changes are therefore also indicative of the paleoclimate evolution [11, 12, 14, 45, 46] . For example, the compositions of Sr, Ba, Ti, Fe, P, Mn, and the Mg/Ca and Sr/Cu ratios are sensitive geochemical indicators and parameters for identifying changes in sedimentary environment [15] .
In lacustrine sediments without seawater intrusion, Sr/Ba > 1 typically indicates the onset of lake alkalization, whereas Sr/Ba < 1 typically indicates freshwater deposition [9, 46] . Sr/Cu ratios between 1 and 10 indicate a warm and humid climate, and values > 10 represent arid climatic conditions [15] . The Sr/Ba values of all the samples in the Xiaganchaigou Formation are less than 1 (Table 3 ) and the average values of the upper and lower members are not substantially different: 0.29 and 0.22, respectively. All Sr/Cu values in the upper Xiaganchaigou Formation aside from one data point are <10 with an average value of 8.58. All Sr/Ba values in the lower member aside for two data points are >10 with an average of 14.39. The Ba content in the Xiaganchaigou Formation is significantly higher than that in the average shale [47] (Figure 6 ). The distribution of Sr/Ba and Sr/Cu demonstrates that the depositional environment of the Xiaganchaigou Formation was mainly dominated by a freshwater sedimentary environment during the sedimentary period. The climate was relatively dry in the early stage and humid in the later stage. 
Rare Earth Elements
Rare earth elements (REE) are a special group of elements that play an important role in geochemistry. Because of the similar chemical nature of the REE, they are typically found together in nature and exhibit only minor differences in their atomic structure. The REE therefore display characteristic fractionation patterns during different geological processes [48] .
The REE content of the Xiaganchaigou Formation in the Lenghuqi area is particularly high ( (Figure 7 ) are similar to those of chondrites [49] and the North American shale [41] , which indicates that the sediments have the same material source and formation process [48, 50] . The distribution of the total amount of REE ( REE) with depth direction is very close to the trend of La, Ce, and Er (Figure 8 ). The change of REE is closely related to the change of climate and environment, that is, REE content is higher in warm and humid climates and lower in cold and dry climates [51] [52] [53] . The REE content of the lower Xiaganchaigou Formation is significantly lower than that of the upper member, indicating that the paleoclimate conditions of sedimentary period in the lower member of the lower Ganchaigou Formation are relatively cold and dry, while the climate in the upper Xiaganchaigou Formation is warmer and humid. This is consistent with the climatic characteristics reflected by clay minerals. change of climate and environment, that is, REE content is higher in warm and humid climates and lower in cold and dry climates [51] [52] [53] . The REE content of the lower Xiaganchaigou Formation is significantly lower than that of the upper member, indicating that the paleoclimate conditions of sedimentary period in the lower member of the lower Ganchaigou Formation are relatively cold and dry, while the climate in the upper Xiaganchaigou Formation is warmer and humid. This is consistent with the climatic characteristics reflected by clay minerals. [49] ; NASC data are from [47] . 
Discussion
Sedimentary processes, diagenesis, and weathering may all cause migration and elemental depletion. Sources should be therefore be analyzed when using elemental geochemical properties to restore sedimentary environments and paleoclimatic conditions. Only trace elements that are mainly self-generated and maintain their initial content can be used to accurately determine paleoenvironmental conditions [54] . The influence of terrigenous debris on trace element contents can be assessed using the content covariant diagram of Al, Ti, or Th. If the two exhibit a good linear relationship and the Al, Ti, and Th contents are similar to the average shale, the trace elements contained in the sediments or sedimentary rocks are mainly provided by terrigenous debris and therefore not suitable for environmental analysis. Otherwise, it can be used for environmental analysis as reported previously [55] [56] [57] [58] . REEs have strong stability during weathering, transport, deposition, and diagenesis, and their solubility in water is very low. The ΣREE in sediments or sedimentary rocks is therefore an indicator of the amount of terrestrial material [59] . The ΣREE of the average shale (PAAS), which is often used as a standard, is 184.8 × 10 −6 . If the ΣREE is close to or higher than this value, the trace elements contained in sediments or sedimentary rocks are mainly provided by terrigenous debris. If the ΣREE in the analyzed sediments or sedimentary rocks is much lower than this value, this shows that it is less affected by terrestrial materials and is mainly authigenic [60, 61] . According to the covariant diagram (Figure 9 ), the correlation between Th and Al, Ti is not very good and the Th, Al, and Ti contents differ significantly from PAAS. The ΣREE content is also substantially lower than the PAAS value, indicating that the REE in the samples are likely mostly authigenic with only a small amount of added terrigenous clastic materials. These data can therefore be used to restore the sedimentary environment and paleoclimate conditions. Cu and Zn are both transition metal elements. According to the Nernst equation, the pH of the medium environment affects the redox process, and Cu and Zn will partition into the environmental medium with decreasing oxygen fugacity. The redox environment during deposition can therefore be divided according to Cu/Zn. A ratio less than 0.21 represents a reducing environment, between 0.50 and 0.63 represents a weak oxidizing environment, and greater than 0.63 represents an oxidizing environment [62] . The geochemical properties of Th and U vary greatly in an oxidizing environment but are similar in the reducing environment; thus, this feature can be used to interpret the sedimentary environment, where &U = U/[0.5 × (Th/3 + U)]. A &U value greater than one represents a reducing environment and less than 1 represents an oxidizing environment [63] . A Th/U ratio between 0 and two indicates a reducing environment, and the ratio under strongly oxidizing conditions can reach eight [64] .
The Cu/Zn values in the samples ranged from 0.32 to 0.94 with a mean value of 0.58, indicating a weakly oxidizing environment. The &U value is between 0.72 and 1.04 with a mean of 0.93, and the Th/U ratio is between 2.78 and 5.36 with a mean of 3.52, both of which indicate an oxidizing environment. Ce is the only element among the REE with redox properties: it is depleted under oxidizing conditions and enriched in an oxygen-deficient reducing environment. Wright et al. [65] proposed that the sign of Ce anom = lg [3Ce n /(2La n + Nd n )] can be used to assess Ce enrichment. A positive Ce anom value indicates enrichment whereas a negative value indicates a deficit [65] , where "n" signifies shale-normalized concentrations using the convention established by Gromet et al. (1984) [41] . The Ce anom values of the samples from the Xiaganchaigou Formation of Lenghuqi ranged from −0.564 to −0.524, with an average of −0.536. The samples were therefore depleted in Ce, which mainly reflects an oxidizing environment.
The most important climate warming event since the Cenozoic era occurred from the middle Paleocene to early Eocene when global temperature and sea levels rose rapidly and reached a peak in the early Eocene. A long-term gradual cooling process occurred from the beginning of the middle Eocene to the early Oligocene with global sea levels dropping slowly and permanent ice sheets forming on the Antarctic continent. It was not until the late Oligocene when the climate warmed again that the permanent ice sheets began to melt [66] [67] [68] [69] [70] . During the Eocene-Oligocene transition, studies of sedimentation [71] , vegetation changes [72] , and animal evolution [73] on the North American continent all show that the climate changed significantly from the late Eocene to early Oligocene, from warm and humid to cold and dry. Studies on the European continent [74, 75] , Asia, and Oceania [76] also indicate a trend of the Eocene-Oligocene climate becoming colder and drier. This indicates that the global climate entered a dry and cold period during the late Eocene to early Oligocene. The measurements obtained from the Xiaganchaigou Formation (Oligocene) of Lenghuqi also reflect characteristics of a dry and cold global climate during this period. After entering the late Oligocene (as recorded by deposition of the upper Xiaganchaigou Formation), the global climate also entered a brief warming period. Our findings show that the sedimentary environment in the upper Xiaganchaigou Formation was warmer and more humid than the lower member, which reflects the response of this climatic phenomenon.
Conclusions
Oligocene strata (the Xiaganchaigou Formation) in the Lenghuqi area of the North Qaidam Basin are deeply buried with an average depth of >4000 m. The illite content in clay minerals is the highest among all phases (73.25%), followed by chlorite (16.25%), and a mixed layer illite/smectite (8.92%). Smectite and kaolinite are not observed in these samples. The average illite, chlorite, mixed layer illite/smectite contents in the upper Xiaganchaigou Formation are 54.77%, 20.69%, and 24.54%, respectively. The combination of clay minerals reflects that the sedimentary basins of the Oligocene (sedimentary period of the Xiaganchaigou Formation) originate from an arid-semi-arid climate with weak leaching and chemical weathering. The diagenetic environment is dominated by a K + -and Mg 2+ -rich alkaline environment. Clear characteristics of CaO and Na 2 O enrichment with K 2 O, MgO, and TiO 2 loss are observed, especially in the lower Xiaganchaigou Formation. The lower member of the Xiaganchaigou Formation shows characteristics of a dry and cold freshwater sedimentary environment with high evaporation, whereas the upper Xiaganchaigou Group is relatively warm and humid with a significantly increased recharge of terrigenous detrital materials. The paleoclimate conditions in the Oligocene period gradually became moister. The variation of Sr, Ba, Cu, Zn, U, Th, and Ce contents and ratios, as well as REE characteristics, suggest that the paleoclimate conditions of the lower Xiaganchaigou Formation during sedimentation were relatively cold and dry, while the climate of the upper Xiaganchaigou Formation became warmer and more humid. 
